Introduction {#sec1}
============

Hemophilia A is a recessive X-linked bleeding disorder resulting from a factor VIII (FVIII) deficiency.[@bib1] Although protein replacement therapy is effective for patients with hemophilia A, it is expensive and requires frequently accessing blood vessels, which limits its universal availability.[@bib2], [@bib3] Furthermore, up to 30% of patients with severe hemophilia A will develop inhibitory antibodies after protein infusion.[@bib4], [@bib5], [@bib6] These inhibitory antibodies, referred to as inhibitors, will inactivate functional FVIII activity, rendering routine protein replacement therapy useless for bleeding episodes in patients with hemophilia A.[@bib7], [@bib8], [@bib9] Gene therapy has the promise of treating hemophilia A but, in addition, has brought up a question about the importance of its relation to the biosynthesis of its carrier protein von Willebrand factor (VWF). This paper reviews site-specific FVIII expression in platelets, which are one of the two cell types synthesizing and storing VWF in the body, for gene therapy of hemophilia A and hemophilia B.

Platelet-Specific Gene Therapy of Hemophilia A and Hemophilia A with Inhibitors {#sec1.1}
-------------------------------------------------------------------------------

Directing FVIII expression to the cells that synthesize VWF (platelets or endothelial cells) *in vivo* could potentially result in the formation of an intracellular VWF/FVIII complex and enhance the stability of FVIII compared to targeting cells, which do not synthesize VWF (e.g., stromal cells or hepatocytes). Targeting FVIII expression to platelets could be especially beneficial for gene therapy of hemophilia A because FVIII will be delivered together with VWF to the site of injury. This is particularly important for hemophilia A with inhibitors because FVIII would be sequestered by platelets, avoiding inhibitor inactivation in the circulation. Furthermore, a substantial amount of FVIII may be released from platelets at hemostatic sites, where aggregated platelets become activated at sites of injury, thus circumventing the time-dependent inactivation by inhibitors and achieving improved hemostasis. Several groups have been devoting efforts to develop unique gene therapy protocols using platelets as a target to deliver therapeutics for hemophilia A treatment. Various platelet lineage-specific promoters have been utilized to direct FVIII expression to platelets, including the platelet glycoprotein (GP) IIb (αIIb) promoter, GPIb promoter, and platelet factor-4 (PF4) promoter. Both transgenesis- and lentivirus-mediated gene delivery have been used to introduce platelet-specific FVIII expression. A schematic diagram of platelet-specific gene therapy of hemophilia A is depicted in [Figure 1](#fig1){ref-type="fig"}.Figure 1Schematic Diagram of Platelet-Specific Gene Therapy of Hemophilia ALentiviral vectors harboring FVIII expression cassette under control of a platelet-specific promoter (αIIb, Ib, or PF4 promoter) are used to transduce hematopoietic stem cells (HSCs). Transduced HSCs undergo self-renewal as well as differentiation into megakaryocytes, where FVIII transgene protein will be made and stored in α-granules, which will be shed into platelets circulating in blood. Platelet-sequestered FVIII will be protected from anti-FVIII inhibitory antibody inactivation. At the site of injury, FVIII (together with its carrier protein VWF) will be released from activated platelets, and thus time-dependent inhibitor activation may be circumvented, achieving improved hemostasis. Figure was used by permission of Q. Shi.

Proof-of-Principal of Platelet-Specific Gene Therapy of Hemophilia A Using Transgenic Mouse Models {#sec1.2}
--------------------------------------------------------------------------------------------------

### The αIIb Promoter-Driven Model {#sec1.2.1}

To restrict FVIII expression to the platelet lineage, Shi and co-workers[@bib10] have developed a vector, named 2bF8, in which human B-domain-deleted FVIII expression is driven by the platelet-specific αIIb promoter. The human FVIII expression cassette used in the 2bF8 model has the complete B-domain deleted, removing residues 741 through 1468 of FVIII. There is no amino acid SQ sequence (SFSQNPPVLKRHQR) remaining in this hFVIII cassette, which was confirmed by DNA sequencing in subsequent studies and used in endothelial cell-specific FVIII expression model studies as well.[@bib11] Although it had been assumed that the SQ sequence containing the furin cleavage recognition site might be beneficial to FVIII biological activity and has been used to produce FVIII product for clinical treatment of patients with hemophilia A,[@bib12] recent studies have demonstrated that the residual furin site in SQ actually is detrimental to FVIII secretion and procoagulant activity.[@bib13], [@bib14], [@bib15] In addition, having furin site in SQ may reduce the VWF binding affinity and reduce FVIII stability.[@bib15]

In *ex vivo* studies, Shi et al.[@bib10] found that FVIII expression in Dami cells, a megakaryocyte cell line, is greater when driven by the αIIb promoter compared to the cytomegalovirus (CMV) promoter. When the 2bF8 expression cassette was used to generate transgenic mice on a FVIII knockout background (2bF8^tg^) by embryonic stem cell (ESC)-mediated transgenesis,[@bib16] FVIII was specifically expressed in platelets and stored together with endogenous murine VWF in the α-granules of platelets. Their studies showed platelet-derived FVIII can efficiently rescue the bleeding diathesis in hemophilia A mice, and clinical efficacy can be achieved by platelet transfusion or bone marrow transplantation. Using chronic models by FVIII immunization (with adjuvant) or splenocyte transfer from immunized FVIII^null^ mice and an acute model by infusion of inhibitory plasma from immunized FVIII^null^ mice, they demonstrated that platelet-derived FVIII is therapeutically effective even in the presence of high titers of anti-FVIII inhibitors. With no detectable plasma FVIII, the level of FVIII in platelets of heterozygous 2bF8^tg^ mice corresponded to about 1.4% of FVIII in normal mouse whole blood. Remarkably, the therapeutic benefit of this platelet-FVIII surpassed the benefit of 100% plasma FVIII in the presence of inhibitors, using a tail-clip model.[@bib16] This was the first study demonstrating the clinical efficacy of platelet-derived FVIII for treating hemophilia A in the presence of inhibitors.

Further studies by Shi et al.[@bib17] using 2bF8^tg^ mice have demonstrated that preexisting anti-FVIII immunity does not preclude 2bF8 genetically modified therapeutic engraftment when a sufficient preconditioning regimen is employed. Importantly, the titers of inhibitors in recipients declined with time after transplantation of 2bF8^tg^ bone marrow, and the antibody eradication time was significantly shortened compared to the control group that received bone marrow transplantation from FVIII^null^ mice. These results indicate that platelet-containing FVIII does not trigger a memory immune response. Instead, it may induce immune tolerance even in a primed model. Their studies demonstrated that efficient preconditioning is essential to create a bone marrow niche for engrafting 2bF8 genetically engineered hematopoietic stem cells (HSCs). Using mixed transplantation of bone marrow cells from FVIII^null^ and 2bF8^tg^ mice, the studies further showed that even with only 1%--5% of FVIII-containing platelets, the bleeding phenotype was still significantly improved in hemophilia A mice with pre-existing anti-FVIII immunity.

To investigate the role of VWF in platelet gene therapy of hemophilia A, Shi et al.[@bib16] developed another transgenic mouse model by crossing the 2bF8 transgene onto a VWF and FVIII double knockout background (2bF8^tg^/VWF^−/−^). They found that the level of platelet-FVIII expression was decreased significantly, but the bleeding phenotype was still rescued in 2bF8^tg^/VWF^−/−^ mice in the absence of antibodies in a tail-clip injury model. However, the clinical efficacy was abrogated in the presence of inhibitors.[@bib18] They performed a series of bone marrow transplantations to further elucidate the functional properties of platelet-VWF and plasma-VWF in platelet-specific FVIII gene therapy of hemophilia A with inhibitors. They found that platelet-VWF impacts the clinical efficacy of platelet-FVIII in restoring hemostasis in hemophilia A mice in the presence of inhibitors more than plasma-VWF. For optimal platelet-derived FVIII gene therapy of hemophilia A and hemophilia A with inhibitors, both platelet-VWF and plasma-VWF are required. Together, these studies demonstrate that VWF is critical in platelet gene therapy of hemophilia A in the presence of anti-FVIII inhibitors.

### The GPIbα Promoter-Driven Model {#sec1.2.2}

Yarovoi and co-workers[@bib19] have developed a transgenic model in which human B-domainless (hB^−^) FVIII (hB^−^F8) expression is directed by the platelet-specific GPIbα promoter (IbF8). In their highest-expressing hB^−^F8 transgenic line, h38/F8^null^, FVIII was detected in platelet releasates with a level corresponding to about 9% of the antigen and 3% of the activity in normal mouse plasma as determined by ELISA and Coatest assays. This platelet-FVIII restored hemostasis in hemophilia A mice in a FeCl~3~ carotid artery injury model. The cuticular injury model and whole-blood clotting time confirmed that the hemophilic phenotype was improved in transgenic mice. Further studies by Yarovoi et al.[@bib20] demonstrated that FVIII is still stored in the α-granules of platelets even in the absence of VWF and that platelet-derived FVIII without VWF can still rescue the hemophilic phenotype in hemophilia A mice in the absence of inhibitors, and the clinical efficacy was similar to that in the presence of VWF although the level of platelet-FVIII was significantly reduced.

To compare the clinical efficacy of platelet-FVIII to plasma FVIII in the presence of anti-FVIII inhibitors, Gewirtz et al.[@bib21] infused a mixture of monoclonal antibodies into either IbF8 transgenic mice, line h38/F8^null^, with platelet-FVIII expression or FVIII^null^ mice preinfused with recombinant human FVIII (rhFVIII). Under those conditions, Gewirtz and coworkers[@bib21] found that platelet-FVIII provided slightly better clot-forming activity in the FeCl~3~ induced thrombosis model. There is a difference in outcome between studies conducted by Shi et al.[@bib16], [@bib17] utilizing a tail-clip injury model comparing the efficacy of platelet-FVIII from 2bF8^tg^ mice and plasma-FVIII in the presence of inhibitors and those of Gewirtz and coworkers.[@bib21] Studies by Shi et al.[@bib16], [@bib17] demonstrated that platelet-FVIII was markedly more effective than equivalent levels of infused FVIII when inhibitors were infused into the circulation prior to FVIII to mimic the clinical situation of FVIII protein replacement therapy in an inhibitor patient. Further studies showed that the different outcomes were driven by the order of infusions of rhF8 and inhibitors.[@bib22] Infusion of rhF8 into FVIII^null^ mice first followed by antibody infusion allows preassociation of infused FVIII with endogenous VWF in the plasma into a protective VWF/FVIII complex before encountering the inhibitors. In addition, as discussed above, having the SQ sequence containing the furin site in the IbF8 model[@bib19], [@bib23], [@bib24] may negatively affect the biological functions of platelet-FVIII. Although preinfusing rhFVIII into FVIII^null^ mice followed by antibody infusion does not really mimic the treatment of an inhibitor patient, data from Gewirtz and co-workers' studies[@bib21] indicate that the preformed VWF/FVIII complex in platelets (intracellular) is more effective than the complex in plasma (extracellular) when inhibitors are encountered, suggesting that the properties of both platelet storage and VWF/FVIII association are important in platelet gene therapy of hemophilia A with inhibitors.

Another study by Neyman et al.[@bib25] using the IbF8 transgenic model, line h38/F8^null^, showed that the clots formed in IbF8 transgenic mice were less stable than those generated in FVIII^null^ mice receiving full-length rhFVIII infusion in a laser-induced cremaster vessel injury model. Their subsequent studies demonstrated that functional hemostasis was improved when the residual furin cleavage site within the B-domain was modified.[@bib26] Greene et al.[@bib27] from the same group developed additional transgenic lines in which FVIII variants including IR8 (inactivation-resistant FVIII) and cB^-^F8 (canine B-domainless FVIII) were expressed under control of the same GPIbα promoter. The level of platelet-FVIII in cB^−^F8 transgenic mice was low, only 30% of the hB^−^F8 or IR8, but it significantly decreased clot embolization in the cremaster injury model.

### The PF4 Promoter-Driven Model {#sec1.2.3}

Damon et al.[@bib28] generated a transgenic mouse model in which a rat PF4 promoter was used to direct human B-domain deleted FVIII expression. FVIII expression was confined to platelets and functional FVIII activity was detected by chromogenic assay in sonicated platelet lysates from transgenic mice with a level of 122 mU/10^9^ platelets. Their studies demonstrated that FVIII stored in platelets is in an inactive form that requires thrombin cleavage for activation. Ectopic expression and storage of FVIII in platelets does not affect the phosphatidylserine exposure or the α-granule release of endogenous platelet-stored proteins. Their studies showed that infusion of thrombopoietin into transgenic mice resulted in a reduction of the amount of FVIII per platelet and clinical efficacy in hemostasis was completely abolished, although the total amount of circulating platelet-FVIII was not affected because platelet number increased. It is unclear why thrombopoietin-induced thrombocytopoiesis diminished the clinical efficacy of platelet-derived FVIII in this transgenic model.

These studies using the transgenic approach provide proof-of-principle that platelet-specific expression of FVIII could be successful for treating hemophilia A even in the presence of inhibitors.

Lentivirus-Mediated Platelet-Specific Gene Therapy of Hemophilia A {#sec1.3}
------------------------------------------------------------------

To develop a clinically translatable protocol using platelets as a target for gene therapy of hemophilia A, efficient gene transfer and stable expression of FVIII are critical. Since HSCs are the preferable target for gene transfer and lentivirus can efficiently transduce stem cells, utilizing lentiviral vectors to introduce a FVIII expression cassette driven by a platelet lineage-specific promoter should make it possible to establish long-term FVIII expression specifically in megakaryocytes/platelets.

### Non-inhibitor Model Studies {#sec1.3.1}

Shi et al.[@bib29] used a lentivirus-mediated gene transfer system to deliver the 2bF8 expression cassette into HSCs, resulting in FVIII expression in platelets. These studies demonstrated that 2bF8 lentivirus can efficiently introduce functional FVIII expression in megakaryocytic cells. Syngeneic transplantation of 2bF8 lentivirus-transduced bone marrow mononuclear cells from FVIII^null^ mice into littermates preconditioned with a lethal dose of 11 Gy total-body irradiation (TBI) resulted in sustained therapeutic levels of platelet-FVIII and restored hemostasis with neither inhibitory nor non-inhibitory antibody development through the entire study course. The expression levels of platelet-FVIII in transduced recipients (0.60 ± 0.26 mU/10^8^ platelets) were similar to those obtained in 2bF8^tg^ mice, which were generated by ESC-mediated transgenesis.[@bib16] Serial transplants demonstrated that platelet FVIII levels were maintained after sequential bone marrow transplantation, confirming that long-term repopulating HSCs were successfully transduced. These studies build the foundation for lentivirus-mediated platelet-specific gene therapy for hemophilia A.

Greene et al. developed lentiviral vectors harboring hB^−^F8, IR8, or cB^−^F8 under control of the GPIbα promoter and introduced FVIII expression by bone marrow transduction and transplantation into FVIII^null^ mice preconditioned with 10 Gy total-body irradiation.[@bib27] They found that the level of platelet-FVIII expression in transduced recipients was about 50% of the level in transgenic mice with both the hB^−^F8 and IR8 cassettes, but similar low levels were observed in both transgenic and transduced mice with the cB^−^F8 cassette. Hemostasis was improved in transduced recipients, with better outcomes using IR8 and cBF8 than with hBF8, although protein expression levels were low. Further studies from the same group showed that the low level of FVIII expression in cBF8-transduced recipients was associated with greater megakaryocyte apoptosis than in hBF8-transduced animals. However, when the furin cleavage site in hB^−^F8 was modified by substituting His for Arg of 1645, the hemostatic efficacy of platelet-derived hB^−^F8 was significantly improved in the cremaster laser injury model,[@bib26] confirming that the residual firin site in their original hB^−^F8 construct is deleterious to the biological properties of the platelet-FVIII in their IbF8 model.

### Inhibitor Model Studies {#sec1.3.2}

To investigate whether lentiviral gene delivery to HSCs can introduce therapeutic levels of platelet-FVIII in hemophilia A mice with pre-existing anti-FVIII immunity, Kuether et al.[@bib30] transduced enriched HSCs (Sca-1^+^) from rhFVIII-immunized FVIII^null^ donor mice with 2bF8 lentivirus followed by transplantation into rhFVIII-immunized FVIII^null^ recipients. They found that 2bF8 lentivirus-transduced HSCs are viable in recipients with pre-existing anti-FVIII immunity. After transplantation and bone marrow reconstitution, sustained therapeutic levels of platelet-FVIII expression were obtained, while inhibitor titers declined with time in 2bF8 lentivirus-transduced recipients. Hemostatic improvement in the treated animals was confirmed by the tail-clip survival test and the electrolytic induced vessel injury model. The level of platelet-FVIII expression in the inhibitor model was not significantly different from the non-inhibitor model (1.56 ± 0.56 mU/10^8^ platelets versus 1.46 ± 0.43 mU/10^8^ platelets) when a myeloablative conditioning regimen of 11 Gy total body irradiation was employed. There was a wide range of FVIII expression levels among recipients, ranging from 0.36 mU/10^8^ platelets to 6.18 mU/10^8^ platelets. When LAM-PCR (linear amplification-mediated PCR) was used to survey the proviral DNA integration sites in 2bF8-transduced animals, 39 genomic insertion sites were identified in six primary recipients. No over-represented insertion sites were noted, although one (*Mds1*) corresponds to a common integration site for γ-retroviral vectors[@bib31] and another (*Arid1a)* is a proto-oncogene presented in the Mouse Retrovirus-Tagged Cancer Gene Database.

In this study, Kuether and co-workers[@bib30] also evaluated the efficacy of non-myeloablative conditioning regimens, including sublethal total-body irradiation and busulfan chemotherapy, in platelet gene therapy. The levels of platelet-FVIII in the group conditioned with a non-myeloablative total-body irradiation regimen (6.6 Gy) were not significantly different from the group conditioned with myeloablative total-body irradiation (11 Gy). Busulfan, an alkylating agent with potent effects on primitive hematopoietic cells, used as a conditioning alone, resulted in therapeutic levels of platelet-FVIII expression in a 2bF8-transduced non-inhibitor model. However, in the inhibitor model, additional immune suppression, e.g., anti-thymocyte globulin or a low dose of total-body irradiation was required for achieving sufficient 2bF8-genetically manipulated engraftment. These studies demonstrated that 2bF8 lentiviral gene delivery to HSCs can introduce sufficient therapeutic levels of platelet-FVIII expression in hemophilia A mice even with pre-existing anti-FVIII immunity when a sufficient conditioning regimen was employed. These studies suggest that platelet gene therapy may be a promising strategy for gene therapy of hemophilia A even in the high-risk setting of pre-existing anti-FVIII immunity.

### Dog Model Studies {#sec1.3.3}

To further evaluate the efficacy of platelet gene therapy of hemophilia A, Du et al.[@bib32] applied a 2bF8 gene therapy protocol to hemophilia A dogs. Autologous HSCs (CD34^+^) were enriched from G-CSF (granulocyte colony stimulation factor) and SCF (stem cell factor)-mobilized peripheral blood of hemophilia A dogs, transduced with 2bF8 lentivirus (renamed as 889ITGA2B-BDDFVIII-WPTS in this dog model study) *ex vivo*, and transplanted back into animals preconditioned with busulfan. Cyclosporine and mycophenolate mofetil were administered for about 90 days after transplantation to prevent immune responses. FVIII was detected in 2bF8 lentivirus-transduced dog platelets and was stored in α-granules although canine platelets do not contain VWF.[@bib33], [@bib34] In this study, Du and colleagues[@bib32] also examined whether adding a truncated VWF propeptide, which is known to have the capacity to reroute unrelated secreted protein to a storage pathway,[@bib35] into the construct (−673ITGA2B-VWFSPD2-BDDFVIII-WPTS) would affect the expression and storage of FVIII in canine platelets. It appeared that FVIII was stored better in α-granules of platelets in an animal that received −673ITGA2B-VWFSPD2-BDDFVIII-WPTS lentivirus-transduced HSCs as determined by electron microscopy, but the platelet-FVIII expression level was similar to that obtained in animals receiving regular 2bF8 lentivirus-transduced HSCs. The levels of platelet-FVIII expression ranged from 5--9 mU/10^8^ platelets. The occurrence of severe bleeding episodes was prevented in all three dogs for at least 2.5 years after transplantation of 2bF8-transduced autologous HSCs. Similar to results in the unimmunized hemophilia A mouse model,[@bib29] no anti-FVIII antibodies were detected in dogs that received 2bF8-transduced HSCs. These data demonstrate that 2bF8 lentivirus-mediated HSC transduction followed by autologous transplantation can introduce sustained therapeutic levels of platelet-FVIII resulting in a hemostatic improvement in hemophilia A dogs. Whether the vector containing VWF propeptide would be beneficial for gene therapy of hemophilia A in other species including humans, in which platelets already contain endogenous VWF, will need to be further evaluated.

### Human Cell Studies {#sec1.3.4}

To evaluate the feasibility of 2bF8 lentivirus-mediated gene delivery to human HSCs for platelet gene therapy of hemophilia A, Shi et al.[@bib36] developed an immunocompromised hemophilia A recipient mouse model (NOD.Cg-Prkdc^scid^Il2rg^*tm1Wjl*^/SzJ FVIII^null^ \[NSGF8KO\]) and human cord blood (hCB)-derived HSCs were used as a target for 2bF8 gene transfer. CD34^+^ hCB-derived HSCs were transduced with 2bF8 lentivirus *ex vivo* and xenotransplanted into NSGF8KO mice preconditioned with busulfan. After xenotransplantation and bone marrow reconstitution, platelet-FVIII was detected in all recipients for as long as human platelet chimerism persisted. Intracellular location of neo-protein FVIII was determined by electron microscopy, demonstrating that FVIII was colocalized with endogenous human VWF in the α-granules of 2bF8-transduced human platelets. When calculated according to chimerism levels measured by flow cytometry, platelet-FVIII level in 2bF8-transduced human platelets (17.77 mU/10^8^ platelets) was significantly greater than those obtained from transduced mouse platelets (1.56 mU/10^8^ platelets).[@bib30] The potential reasons leading to this intriguing result include the differences in the size of platelets in humans versus in mice, in the transduction efficiency of 2bF8 lentivirus in human HSCs and mouse counterparts, and in the association properties of human VWF in human platelets versus mouse VWF in murine platelets on stored neo-protein human FVIII. The hemophilic bleeding phenotype was completely rescued in HA mice that received 2bF8 lentivirus-transduced hCB cells in the tail-clip survival test when animals had greater than 2% of platelets derived from 2bF8 lentivirus-transduced hCB cells. Whole blood clotting time analysis confirmed that hemostasis was improved in NSGF8KO mice that received 2bF8LV-transduced hCB cells. When non-restrictive LAM-PCR was used to analyze 2bF8LV insertion sites, no identified integration sites were located within known proto-oncogenes in human hematopoiesis. These studies demonstrate the feasibility of 2bF8 lentiviral gene delivery to hHSCs to introduce FVIII expression in human platelets and that human platelet-FVIII can improve hemostasis in hemophilia A mice.

### *In Vivo* Selection to Enhance Platelet-FVIII Expression {#sec1.3.5}

With a goal of improving platelet-FVIII expression and reducing the potential risks associated with platelet gene therapy, such as insertional mutagenesis and preconditioning-related toxicities, Schroeder et al.[@bib37] developed a vector, 2bF8/MGMT, which harbors dual genes, the 2bF8 gene and a drug-resistance gene, the P140K O6-methylguanine-DNA-methyltransferase (MGMT P140K) cassette. With this vector, platelet-FVIII expression can be induced by transduction of HSCs at a low MOI followed by transplantation into FVIII^null^ mice preconditioned with a non-myeloablative regimen. After transplantation, the transduced cells can be enriched *in vivo* by treatment with O^6^-benzylguanine (BG) followed by 1,3-bis-2 chloroethyl-1-nitrosourea (BCNU), which selectively kills untransduced hematopoietic cells, and thereby transduced cells are enriched and platelet-FVIII expression is enhanced. Even using a low MOI of 1 and sub-lethal 6.6 Gy total-body irradiation, the level of platelet-FVIII expression in recipients after *in vivo* selection reached 4.3 ± 5.5 mU/10^8^ platelets, which is 2.9-fold higher than that obtained from nonselectable 2bF8 lentivirus using a typical MOI of 10 with lethal 11Gy total-body irradiation.[@bib30] When a typical MOI of 10 was used for transduction, the level of platelet-FVIII expression in BG/BCNU-treated 2bF8/MGMT lentivirus-transduced recipients reached 14.2 ± 12.1 mU/10^8^ platelets. The highest platelet-FVIII expression was 35 mU/10^8^ platelets, which corresponds to 70% of FVIII:C in whole blood in normal mice. Phenotypic correction of the FVIII^null^ coagulation defect in treated animals was confirmed by a tail bleeding test and rotational thromboelastometry (ROTEM) analysis of the whole blood clotting time.

Importantly, their studies showed that there were no inhibitory or total anti-FVIII immunoglobulin G (IgG) antibodies detected in the BG/BCNU-treated transduced recipients even after exogenous rhFVIII challenge. They found that one of three 2bF8/MGMT-transduced with no BG/BCNU treatment recipients developed a low-titer (6.8 BU/mL) of inhibitors. The one that developed inhibitors was the one with the lowest level of platelet-FVIII expression (0.07 mU/10^8^ platelets, a barely detectable level by chromogenic assay on platelet lysate). These data indicate that achieving a certain level of platelet-FVIII expression is required to induce immune tolerance in transduced recipients. To confirm the immune system was functioning normally in treated animals, recipients were immunized with an unrelated antigen, ovalbumin (OVA). All animals produced high titers of anti-ovalbumin antibodies after ovalbumin immunization, confirming that the immune tolerance developed in BG/BCNU-treated 2bF8/MGMT lentivirus-transduced recipients was FVIII-specific. These data demonstrated that using the MGMT-mediated drug-selection system in 2bF8 gene therapy can efficiently enhance therapeutic platelet-FVIII expression, resulting in sustained phenotypic correction and FVIII-specific immune tolerance in hemophilia A mice even with a low MOI and a non-myeloablative conditioning regimen.

### Inducing Platelet-FVIII Expression via *In Situ* Transduction of HSCs {#sec1.3.6}

To avoid preconditioning, Wang and co-workers[@bib38] developed a platelet gene therapy protocol utilizing intraosseous delivery of a lentiviral vector that harbors the hFVIII/N6 (human FVIII with a partial B-domain, an N-terminal 226 amino acid stretch \[N6\]) cassette under control of the human GPIbα promoter (G-F8-LV) or the ubiquitous human elongation factor 1α (EF-1α) promoter (E-F8-LV), to transduce bone marrow cells *in situ*. Lentiviral vectors were directly injected into FVIII^null^ mouse tibia through the joint. The studies showed that 3%--20% of FVIII activity was initially detected in plasma by a modified activated thromboplastin time (aPTT) assay in the animals receiving the intraosseous infusion of E-F8-LV, but activity dropped to undetectable levels within 2--3 months due to an anti-FVIII immune response. In contrast, platelets containing FVIII were detectable in animals that received the intraosseous infusion of G-F8-LV up to 160 days. The FVIII antigen level was about 1 mU/10^8^ platelets in the non-inhibitor model and 0.74 mU/10^8^ platelets in the inhibitor model when 2.2 × 10^7^ ifu/animal of G-F8-LV were infused. These studies demonstrate that platelet-FVIII expression can be achieved through *in situ* transduction of bone marrow cells when FVIII expression is restricted to the platelet lineage.

Collectively, these studies demonstrate that induction of therapeutic levels of platelet-FVIII expression can be successfully achieved using lentivirus-mediated platelet-specific gene delivery to HSCs in hemophilia A even with pre-existing anti-FVIII immunity.

Platelet-Specific Gene Therapy of Hemophilia B {#sec1.4}
----------------------------------------------

Hemophilia B is an X chromosome-linked recessive bleeding disorder, which results from a factor IX (FIX) deficiency. FIX is a vitamin K-dependent protein that is normally synthesized by hepatocytes. Protein replacement therapy is effective, but it has similar problems to that when used to treat hemophilia A. Although the incidence of anti-FIX inhibitory antibody development is lower in hemophilia B patients after protein replacement therapy, allergic reactions are very common in patients with inhibitors, limiting the use of protein infusion and increasing the risk of morbidity and mortality.[@bib39], [@bib40], [@bib41], [@bib42] Gene therapy is a promising approach for hemophilia B. Current clinical trials using adeno-associated virus-mediated liver-restricted FIX expression are very encouraging.[@bib43], [@bib44], [@bib45], [@bib46] Phase 1/2 clinical trials showed that dose-dependent expression levels of FIX in circulation were achieved in severe hemophilia B patients after single dose vector administration and the bleeding diathesis was significantly improved. However, for individuals with severe liver disease or neutralizing antibodies to AAV, which are present in 30%--50% of the population,[@bib47], [@bib48] an alternative gene therapy approach might be desirable.

Studies from platelet-specific FVIII expression have shown that neo-protein FVIII is stored in platelet α-granules even in the absence of VWF. Thus, a platelet-targeted FIX expression approach was conducted to evaluate the potential of platelet gene therapy of hemophilia B. Zhang and co-workers[@bib49] constructed a lentiviral vector (2bF9) in which a hFIX expression cassette is driven by the αIIb promoter, and a transgenic model with platelet-specific FIX expression was generated by 2bF9 lentivirus-mediated transgenesis. Studies using this transgenic model demonstrated that 90% of FIX was stored in platelets and that platelet-derived FIX can rescue the bleeding phenotype in hemophilia B mice in the absence of anti-FIX inhibitors. Platelet-FIX was completely carboxylated and had functional activity, indicating that megakaryocytes/platelets have the capacity to carboxylate the newly synthesized FIX protein precursor to functional FIX protein. The hemostatic efficacy can be transferred by platelet transfusion or bone marrow transplantation. However, unlike platelet-derived FVIII, the clinical efficacy of platelet-FIX is completely abolished when anti-FIX inhibitors are present. This may be due to the lack of a carrier protein to protect FIX as VWF protects FVIII. This would be similar to 2bF8 on the VWF and FVIII double knockout background. Indeed, without VWF, the clinical efficacy of platelet-FVIII is limited in the presence of anti-FVIII inhibitors.[@bib18]

Although platelet-derived FIX does not maintain clinical efficacy in the presence of anti-FIX inhibitors, targeting FIX expression to platelets could still be a new strategy for gene therapy of hemophilia B. Chen and co-workers[@bib50] used 2bF9 lentiviral gene delivery to HSCs by transduction followed by syngeneic transplantation to introduce platelet-FIX expression in hemophilia B mice. Sustained therapeutic levels of platelet-FIX expression were obtained in all recipients that received 2bF9 lentivirus-transduced HSCs. Flow cytometry analysis demonstrated that 6%--39% of platelets expressed FIX in transduced recipients, which was sufficient to restore hemostasis in FIX^null^ mice in two tail-clipping models, the tail-clip survival test and a tail-bleeding test. Sequential bone marrow transplantation showed that platelet-FIX expression in secondary recipients was sustained, resulting in phenotypic correction. Importantly, none of the 2bF9-transduced recipients developed anti-FIX antibodies after platelet-FIX gene therapy. Only one of nine recipients developed a low titer of inhibitors after challenge with recombinant human FIX in the presence of IFA (incomplete freund adjuvant). These data demonstrate that targeting FIX expression to platelets can restore hemostasis and induce immune tolerance in hemophilia B mice, suggesting that platelet gene therapy may be a promising strategy for gene therapy of hemophilia B in humans.

The Safety Issues and Perspective in Platelet Gene Therapy {#sec1.5}
----------------------------------------------------------

Several safety issues should be considered while conducting any platelet-specific gene therapy protocol for hemophilia A. Since FVIII is not normally expressed in platelets and platelets play fundamental roles in both hemostasis and thrombosis, it is important to evaluate whether ectopic expression of FVIII in platelets would have a potential thrombotic risk. To evaluate this critical safety issue, several new lines of 2bF8 transgenic mice (LV17^tg^, LV18^tg^, and LV17/18^tg^)[@bib51], [@bib52] were generated using 2bF8 lentivirus-mediated transgenesis in an effort to establish a line with a high level of platelet-FVIII. Baumgartner and colleagues[@bib51] used a line, LV17/18^tg^, that expresses 30-fold higher platelet-FVIII levels than therapeutically required to restore hemostasis in hemophilic mice to assess the hemostatic properties of platelet-FVIII with a variety of techniques, including native whole-blood thrombin generation, *ex vivo* and *in vivo* clot formation, assessment of plasma parameters associated with increased thrombosis risk (D-dimer, thrombin anti-thrombin complexes, fibrinogen), tissue fibrin deposition, platelet activation status and activatability, and evaluation of platelet-leukocyte aggregates. Their data demonstrated that in steady state as well as under prothrombotic conditions induced by lipopolysaccharides (LPS)-mediated inflammation or the factor V Leiden mutation, supratherapeutic levels of platelet-FVIII appeared nonthrombogenic. Furthermore, FVIII-expressing platelets were neither hyperactivated nor hyperactivatable upon agonist activation. Their studies demonstrated that no thrombotic risk was identified with supratherapeutic levels of platelet-FVIII in mouse models. Thus, in this regard, platelet-targeted FVIII gene therapy can be considered a safe therapy with a relatively wide therapeutic window.

One concern for gene therapy is the potential for an immune response to the transgene product or viral proteins. Immune responses may result in gene therapy failure because the transfected cells may be eliminated if cellular responses occur, or the functional bioactivity of the neo-protein may be inactivated if a humoral response is induced. It has been reported that immune responses were a problem in lentivirus-mediated HSC gene therapy when FVIII transgene expression is directed by ubiquitous promoters.[@bib38], [@bib53] This problem is not encountered when FVIII expression is targeted to and stored in platelets under control of the αIIb promoter.[@bib29], [@bib30], [@bib37], [@bib54] Instead, lentivirus-mediated αIIb promoter directed platelet-specific gene therapy can efficiently promote antigen-specific immune tolerance in both hemophilia A and B mouse models.[@bib37], [@bib50], [@bib54] Studies by Chen and colleagues[@bib54] show that CD4 T cell compartment is tolerized after 2bF8 gene therapy. They found that T regulatory (Treg) cells significantly increased in 2bF8-transduced recipients compared to untransduced animals and that the immune tolerance was transferable through adoptive transfer of splenocytes. These data indicate FVIII-specific Treg cells are induced in animals after platelet-specific gene therapy, which could be a mechanism of the immune tolerance established after platelet gene therapy. To investigate the immunogenicity of platelet-FVIII, Chen and colleagues[@bib52] transfused 2bF8^tg^ platelets into naive or primed FVIII^null^ mice and monitored anti-FVIII immune responses. They found that platelet containing FVIII triggers neither primary nor secondary immune responses, indicating that platelet-FVIII is well insulated from exposure to the immune system, avoiding activation of the immune response.

Another concern is genotoxicity resulting from viral vector insertion site-related mutagenesis. Potential genotoxicity is associated with gene therapy when an integrating viral vector is used to introduce transgene expression. The advanced self-inactivating design of lentiviral vectors and the differences in integration site selection between lentiviral and oncoretroviral vectors may reduce the risk of insertional mutagenesis. Oncoretroviral vectors tend to integrate preferentially near promoter-proximal regions, with hotspots in proto-oncogenes or genes related to cell proliferation. In contrast, lentiviral vectors appear to integrate more randomly into open chromatin without hotspots.[@bib55], [@bib56] While the studies utilizing LAM-PCR to survey 2bF8 integrants showed that there are no over-represented insertion sites in animals that received 2bF8-transduced HSCs from mice,[@bib30] dogs,[@bib32] or humans,[@bib36] onco-mutagenesis resulting from the random integration of the transgene into the genome remains a potential risk in lentivirus-mediated gene transfer. Further studies using high-throughput techniques to more thoroughly determine the integration repertoire of these vectors are required.

In addition, occurrence of abnormal apoptosis in megakaryocytes when FVIII is ectopically expressed in the platelet lineage has been reported.[@bib26] Studies done by Greene and co-workers[@bib26] showed that platelet-targeted B-domainless FVIII expression under control of the GPIbα gene promoter increases apoptosis in transduced megakaryocytes, resulting in a 30% reduction of platelet counts in transduced recipients. This does not seem to be the case in the 2bF8 model, in which the complete B-domain-deleted FVIII cassette without the SQ sequence is used and FVIII expression is driven by the αIIb promoter. Studies by Schroeder et al.[@bib37] using the 2bF8/MGMT system have demonstrated that platelet number in 2bF8/MGMT lentivirus-transduced animals had fully recovered within 8 weeks after transplantation when a non-myeloablative conditioning regimen was applied, and platelet counts were normal in transduced animals even with FVIII expression as high as 14.18 ± 12.05 mU per 10^8^ platelets after *in vivo* drug selection, which corresponds to about 23% of FVIII activity in normal mouse whole blood. It is unclear whether the cellular toxicity of FVIII expression in megakaryocytes in the IbF8 model is a specific phenotype associated with the residual SQ sequence that includes the furin cleavage site from the B-domain or is a phenotype driven by the GPIbα promoter. Further studies are needed.

In summary, studies from preclinical trials using animal models have demonstrated the feasibility of platelet delivery of therapeutics for disease treatment through genetic manipulation of HSCs. Data from the human clinical trial phase I/II using liver-specific AAV-mediated codon-optimized FVIII (AAV5-hFVIII-SQ) gene therapy are very encouraging.[@bib57] However, patients who have severe liver diseases, neutralizing antibodies to AAV, or a history of FVIII inhibitor development are excluded from the AAV-mediated liver-targeted gene therapy protocol. Targeting FVIII or FIX expression and storage to platelets is a promising strategy for gene therapy of hemophilia, with the potential to not only improve hemostasis but also induce immune tolerance. In a clinical scenario, patient-derived HSCs will be harvested from mobilized peripheral blood or cord blood for *ex vivo* manipulation to introduce a corrected FVIII or FIX gene driven by a platelet-specific promoter, followed by autologous transplantation. This is a promising approach for gene therapy of hemophilia A patients with inhibitors as well as non-hemophilic patients with acquired inhibitory antibodies who can also have life-threatening clinical bleeding which is difficult to treat by conventional therapies.
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